Abstract-Thermoelectric generators (TEGs) convert heat energy into electricity in a quantity dependent on the temperature difference across them and the electrical load applied. It is critical to track the optimum electrical operating point through the use of power electronic converters controlled by a maximum power point tracking ( 
I. INTRODUCTION
T HERMOELECTRIC generators (TEGs) are physically and electrically robust semiconductor devices able to convert thermal energy into electrical energy, provided that a temperature gradient is maintained across them, exploiting the Seebeck effect [1] . In the steady state, they can be modeled by a dc voltage source in series with an internal resistance, therefore for the theorem of maximum power (MP) transfer if the load matches the internal resistance then MP is produced. A description of the structure and functioning of a typical thermoelectric (TE) device is presented in Section II-A.
Due to relatively high cost and low efficiency-around 5%-the use of TEGs has been in the past restricted to specialized medical, military, remote, and space applications [2] . However, in recent years, an increasing environmental issues and energy cost have motivated research into alternative commercial methods of generating electrical power. TEs is one of several that has emerged as a viable source of electricity [3] . Moreover, the efficiency of TEGs is improving [4] , [5] and the device cost is decreasing. Consequently, TEGs can now be successfully employed to harvest the heat energy rejected by other processes (automotive [6] , [7] , stove [8] - [11] , geothermal [12] , or power stations [13] , [14] ), to power sensors [15] - [18] or to increase the system efficiency in symbiotic applications [20] . Mass-produced energy scavenging applications such as exhaust gas systems are likely to lead to a further reduction of TE device cost [21] . In applications of waste heat harvesting, the input thermal power is essentially free; therefore the low conversion efficiency is not a serious drawback per se, but it is important to maximize the power obtained from the device utilized in order to minimize the cost per Watt produced. The magnitude of the TEG's open-circuit voltage is directly proportional to the temperature difference, and like with solar cells a convenient number of TEGs can be connected in series or parallel in order to achieve desired levels of voltage and current. Power electronic converters are very often used to interface TEGs to the required load. The choice of converter typology depends on the output and input voltages; as an example, for connection to dc microgrids a high step-up gain converter is required [22] , while for connection to a 12-V car battery a Buck or Buck-Boost type can be used. This work uses a synchronous Buck-Boost to guarantee a wide input voltage range and consequently harvest power from the TEGs over a wide range of operating temperatures.
TEGs are often employed in dynamic environments with time-varying temperature differences, e.g., cars' exhaust gas systems [19] , [23] , therefore it is of great importance to quickly and precisely adjust the best electrical operating point in order to always maximize the harvested power. It is necessary to control the power electronic converters with a maximum power point tracking (MPPT) algorithm that matches the virtual load seen by the TEG to its actual internal resistance by changing the duty cycle of the converter. Ideally, each TEG should be independently electronically controlled but this would greatly increase the number of MPPT power electronic converters needed and adversely affect the cost of implementing the system. As a consequence, TEGs are often electrically interconnected in series and/or parallel to form arrays [24] . This leads to the formation of what is called a distributed MPPT (DMPPT) subsystem in which each TEG array's electrical operating point is controlled independently in a similar way as for photovoltaics (PV) systems [25] . An additional centralized MPPT function could be required if an inverter is employed for grid connection, thus forming an hybrid MPPT system [26] .
In the literature, the most used MPPT algorithms for TEGs are the Perturb & Observe (P&O) [27] - [29] and the incremental conductance (INC) [30] . These MPPT algorithms have originally been developed for PV systems, in which the relationship between voltage and current is logarithmic. On the contrary, in TEGs, the electrical characteristic is linear:
where V MP and I MP are the voltage and current at the maximum power point, V OC is the open-circuit voltage and I SC is the shortcircuit current. MPPT algorithms that use this relationship either measure the open-circuit voltage [17] , [31] , [32] or the shortcircuit current [22] ; they provide a number of advantages over the aforementioned methods: 1) measurement of only one parameter (voltage or current); 2) lower numerical computational requirements; 3) no steady-state oscillation (P&O) or error (INC). These methods have the disadvantage that no energy flows from the TEG to the converter during the sampling time because the converter must be disconnected from the TEG to allow for the measurement of V OC or I SC . In the literature, Laird et al. [33] compared P%O, INC, and fractional I SC . This paper proposes an innovative open-circuit voltage measurement technique, described and analyzed in Section III, that can be undertaken during the normal switching of the converter, with a minimal reduction in collection efficiency. Fig. 1 shows the block diagram of the proposed system, where the TEG array is connected to the input of a synchronous noninverting Buck-Boost converter, which is described in Section IV. A microcontroller implements the MPPT algorithm controlling the transfer of energy from the TEGs and driving the converter MOSFET switches through gate drivers. The load is represented by a battery.
The proposed MPPT prototype converter is tested with real TEGs, both in steady state and under thermal transients; the experimental results are presented in Section V, before drawing the conclusions.
II. TE POWER GENERATING SYSTEM
This Section first describes the structure and functioning of a typical TE device; second, it presents the test rig used in the experiments and finally the performance of the TEGs used in the experiments is analyzed.
A. TE Power Generating Device
A TE device is composed of n-and p-doped semiconductor pellets electrically connected in series and thermally in parallel. In the power generation mode, every pellet produces a voltage differential when a temperature gradient ΔT is established at its sides, thanks to the Seebeck effect [1] ; the voltage magnitude is linearly dependent on ΔT and the Seebeck coefficient α, which is a property of the material used and varies with temperature. As shown in Fig. 2 , each voltage adds up thanks to the series connection and when a load is connected to the TEG's terminals, current flows through the device, because both electrons and holes are moved from the hot to the cold side by the flow of heat. This current flow produces heat by Joule heating and pumps additional heat from the hot to the cold side because of the Peltier effect, which is considered a parasitic effect in power generation; in fact it effectively increases the thermal conductivity of the device. A high load current amplifies the Peltier effect, which increases the effective thermal conductivity of the device which in turns decreases the temperature difference ΔT [34] .
In the steady state, a TEG can effectively be modeled by a voltage source V OC in series with an internal resistance R int [35] , [36] , which slightly varies with the average temperature of the TEG, affecting the slope of the V-I curve.
The cross-sectional area of the pellets greatly influences the internal resistance and the current-voltage rating of the device. A module with wide pellets can fit a small number of pellets, therefore it will have relatively small output voltage and internal resistance, but high output current [37] . As an example, Table I shows how the size and number of pellets influences the current-voltage ratings in two TEGs offered by European Thermodynamics Ltd.
The most commonly used material is Bismuth Telluride (Bi 2 T e 3 ), however other materials like Silicides, Skutterudites, Oxysulphides, Ti-S, Ni-Cr-S, and Cobalt oxides are being developed for automotive applications over a range of temperatures [38] - [41] . These materials have a variety of issues (e.g., they are difficult to form electrical connections to, they are chemically reactive at high temperatures and expensive to manufacture) which still have to be overcome before their large-scale commercial deployment is viable.
B. Mechanical Test Rig
The test rig used in this work is designed to test TEG performance providing accurate repeatable measurements. A complete description of the system can be found in [42] . This test apparatus is able to independently control the mechanical load and the temperature difference across each of the four TEG channels that can be used at the same time. Fig. 3 illustrates the schematic of one channel. The TEG device is sandwiched between a hot block and a cold block. The former contains a high-temperature high-power heater powered by a dc power supply, while the latter is water-cooled by a chiller unit. The output of the TEG can be connected to an electronic load or to any other desired load. A load cell measures the mechanical pressure over the TEG and thermocouple sensors are fitted through the copper blocks touching the TEGs' hot and cold faces, in order to obtain precise temperature measurements. Agilent VEE Pro is a graphical programming tool for automated control of the laboratory equipment. A VEE Pro program operates all the instruments and precisely controls the temperature difference across the TE devices to the desired value. Using such equipment, it is possible to do an accurate electrical characterization of the TEG under test, sweeping the load at different values, all at the same temperature difference.
C. TEGs' Electrical Characteristic
In the experiments presented in Section V of this paper, three TEG devices from European Thermodynamics Ltd. (product code GM250-127-14-10) have been used. Each one was characterized separately at three different temperature gradients ΔT : 100
• C, 150
• C, and 200
• C. Every test was performed imposing 1.25 MPa of mechanical pressure onto each TEG, which corresponds to 209 kg on a surface of 40 × 40 mm 2 . Fig. 4 plots the output voltage and power versus current for one of the TEGs (TEG#2). Table II lists the performance data of the three TEGs. The maximum deviation in performance between the three devices stands at less than 5% for power production; this difference may be due to manufacturing tolerances, contact resistance mismatch, or measurement accuracy. However, this performance variation will not influence the MPPT converter evaluation, as it will be explained shortly. These data are used to formulate a mathematical characterization using a similar technique to that explained in [43] . Voltage and power are calculated as a function of the current load and temperature difference.
In the steady state, it can be written that
The open-circuit voltage is proportional to the Seebeck coefficient α (V OC = αΔT ), which varies depending on the Thomson coefficient [44] . A 2nd-order polynomial fitting technique has been used to model the variation of V OC and R int with ΔT . Using a similar technique to [43] , (2) can now be written as
, e, and f are constant coefficients, different for each TEG, obtained from the experimental data. Even if the performance variation for the three devices used is up to 5%, the actual expected performance is calculated for each TEG individually.
Using (3), it is possible to replicate the electrical characteristics of the TEGs used, after obtaining the necessary parameters from the experimental data. Fig. 5 shows the resulting "mathematical" electrical characterization for TEG# 2. As it can also be appreciated from a comparison with Fig. 4 , the average deviation between the mathematically derived values and the experimental data is always less than 1.5%. This means that it is now possible to independently predict the output from each of the three TEGs at any temperature difference with high confidence, even when they are at different thermal operating points. This formulation is used to compare the performance of the MPPT converter in Section V.
III. MPPT METHOD It was explained in Section I that the method usually called (fractional) open-circuit voltage consists in measuring the
TEG's open-circuit voltage and then setting the at-load operating voltage at half of V OC . This method normally requires the converter to be disconnected for a certain duration to allow for the converter's input capacitors to be charged up to V OC [33] ; during such time no power is harvested. In order to meet the RMS input current requirements, input capacitors might be in the order of tens of microfarad, which means that they may need hundreds of microsecond to charge up to V OC , depending on R int . Sometimes, an additional series switch is needed to disconnect the TEGs from the converter [17] , [32] . This switch might need a high-side gate driver with continuous conduction time for long periods. This switch introduces additional I 2 R losses when it is closed, and its use interrupts the normal operation of the converter, thus creating a transient event every time the V OC measurement is taken. The method that we have already presented at ECCE'12 [45] reduces these drawbacks. Following is a description of this method and a theoretical analysis of its performance.
A. Open-circuit Voltage MPPT Method
This section describes an innovative technique to measure the open-circuit voltage of a TEG, which can be used with any converter topology derived from the Buck or Buck-Boost having a switch at its input. The basic circuit schematic, which highlights the necessary components required, is provided in Fig. 6 . A TEG is connected to the input of a Buck or BuckBoost derived converter. The converter's input capacitors C in are connected to ground through the switch M cap . The highside switch M 1 represents the input switch of a Buck or BuckBoost converter, while the remaining converter's components are generically represented by the following box connected to the output capacitors C out .
To aid explanation of how the voltage measurement is achieved, a timing diagram for the operation of the aforementioned switches is provided in Fig. 7 . In the next description, t on and t off are the high and low states of pulse width modulation (PWM 1 ), respectively. Under normal operation, M cap is closed and C in contributes to the pulsating input current required by the converter during t on . When the open-circuit voltage measurement is required, M cap gets opened. The bottom part of Fig. 7 provides a zoomed-in view of what happens in this situation. During t off , M 1 is open and the TEG is momentarily disconnected from the converter. The current cannot flow into C in , hence the potential at the TEG's terminals rises to the opencircuit voltage V OC , typically within tens of nanoseconds [27] . The microcontroller is timed to measure V TEG during t off while the converter is still operating in a pseudonormal state: as it will be analyzed in the next section, both the TEG and C in are still providing power to the converter during t on . The open-circuit measurement process is repeated every T meas , which is a design parameter that depends on the thermal time constant of the TEG system used. It is usually chosen based on experience and it is typically between 0.1 and 1 s. In between V OC measurements, a digital control loop keeps on adjusting the converter's duty cycle to maintain V TEG at half of V OC .
This V OC measurement technique is considerably faster than disconnecting the converter (by keeping PWM 1 low) until C in reaches V OC . Also, it is more accurate because when the TEG is kept at open circuit the Peltier effect is null, therefore the temperature difference increases slightly, and with it V OC , leading to a wrong V OC value [46] ; this means that the converter would choose a slightly higher operating voltage. On the contrary, such problem does not occur using the proposed MPPT method because the TEG is left at the open circuit for less than a switching period.
B. Theoretical Analysis of MPPT Efficiency
This section presents a theoretical analysis to quantify the losses introduced by the additional switch M cap in series with C in , and by the V OC measurement technique used. In order to do so, it is necessary to calculate the RMS current I C in R M S flowing into the input capacitors and to understand the converter's behavior in response to the measurement technique.
Without loss of accuracy, we can consider either a Buck or Buck-Boost converter for what concerns the input capacitors' RMS current calculations. The input capacitors are important because they store additional energy from the input source when the switch M 1 is open during the off-time t off of the switching period T sw , and provide it to the load when M 1 closes. The input current is pulsating, and the amount of current that the input source can provide is limited by its series resistance, which is usually fairly high (one half to several ohms) in TEGs.
Referring to the plots in Fig. 8 , the current I S (in red) flows in the converter's switch only during the on-time t on of the switching period T sw , while it stays at zero for the rest of T sw . During t off , the input source charges C in , which effectively filters an ac current. The input current I in (in light blue) can be written as I S + I C in or as the average of I S over T sw .
Let us assume that the MPPT converter is setting the correct MP point at the TEG's output, so that the average input capacitor's voltage is V MP = V OC /2. Considering a small voltage ripple on C in [47] , during t off , C in is charged by the current I C in , o ff = V OC /2R, in which R = R int + ESR, sum of the TEG's internal resistance and the equivalent series resistance (ESR) of the input capacitors. We can calculate the RMS of
where D is the duty cycle of the converter and D = (1 − D) . For the trapezoidal segment of i C in (t) during t on , the RMS current into C in is
For both Buck and Buck-Boost converters I L = I in /D; therefore, we can write that
Using these relationships in (5) and knowing that for both Buck and Buck-Boost converters
where i C in (t) is a periodic waveform composed of two orthogonal piecewise segments [48] , therefore its RMS value can be obtained from (4) and (6):
The power dissipated on the low-side switch M cap in series with the input capacitors is
where r on is the on-resistance of the switch used. Section IV-B provides the losses value for the converter used. , the internal resistance R int limits the quantity of current that can flow from the TEGs, and the body diode of M cap is forced into conduction so that C in supplements the additional current required by the converter and slightly discharge.
After each PWM period T sw , the voltage across C in decreases because when M cap is open the input capacitor cannot be charged as it would normally happen during t off . Provided that M cap is left open for just a few cycles, the capacitance of C in is usually enough to guarantee that v in (t) does not decrease significantly; the following calculations are useful to estimate how much the voltage on the capacitor sags during the V OC measurement. The initial energy stored in C in is E C in 0 = C in V 2 C in 0 /2. To derive the worst-case scenario, let us consider that I L m in − I in ≥ 0 and let us calculate the energy removed from C in during the t on of one switching cycle:
where we considered v in (t) constant at V in . This slightly overestimates the calculation of the voltage drop because after every T sw v in (t) decreases. The final energy stored in C in is
where n PW M is the number of PWM cycles elapsed with M cap open. From (10), it is possible to obtain V C in f , which is the voltage on C in at the end of the V OC measurement procedure. 
IV. MPPT CONVERTER
This section presents the noninverting synchronous BuckBoost dc-dc converter, whose schematic diagram of the complete system is shown in Fig. 9 . A generic TEG is represented by a voltage source V OC , an internal resistance R int , and a parasitic inductance L p . An innovative snubber, described in the Section IV-A, is connected across the input of the synchronous Buck-Boost converter to suppress overvoltage transients. The converter supplies power to a battery and to an auxiliary electronic load. A microcontroller, measuring the input and output voltages, computes the MPPT algorithm and controls the gate drivers of the converter's MOSFETs. The power stage is described in Section IV-B.
A. Overvoltage Snubber
When a TEG is suddenly disconnected from the load, it goes to the open circuit after a very fast underdamped oscillation with frequency usually in the order of megahertz [27] . This is due to the fact that a parasitic inductance L P is built up in the many solder connections between pellets in the TEG, in the cables from the TE device to its load, and in the printedcircuit board (PCB)'s tracks. Such parasitic inductance forms a resonating tank with the parasitic capacitances of the circuit and it is damped by the TEG's internal resistance R int .
In the circuit of Fig. 6 , when M cap is closed and M 1 opens at the beginning of t off , I in finds an alternative path into C in , which is a fairly big capacitance. This cannot happen when M cap is open, hence the TEG is suddenly open-circuited. The current in L p cannot stop flowing instantaneously and its energy is dissipated in the ringing with the parasitic capacitances of the circuit, damped by R int , i.e., an RLC circuit. The decrease of I in reverses the voltage across the parasitic inductance, so that a voltage considerably greater than V OC appears at the converter's input. Fig. 10 shows an experimental switching transient test undertaken on one of the TEG modules used. At the beginning of the transient, t 0 , the voltage sharply rises from the operating voltage V load to V max ; this increases the switching transition losses on M 1 and it also requires M 1 to have a higher maximum drain-source voltage rating. Due to the RLC oscillatory nature, when V TEG reaches V max the inductor current (in blue in Fig. 10 ) reverses and flows into the TEG; the Peltier effect is reversed and the Joule heating is of similar magnitude, therefore it is not a problem for the TEG. The maximum voltage that can be applied to a TE device in Peltier cooling mode is higher than V OC and a TEG can stand high levels of Joule heating; also, TE devices do not contain voltage insulating layers or other materials susceptible to voltage stress.
L P can be approximately calculated from Fig. 10 . At the end of t on , the current I in (t on ) flows through L P . In order to avoid ambiguity in the equations, I in (t on ) will be written I in , t on . The energy contained into L P is
This energy is completely transferred to the parasitic capacitance when V TEG = V max and I in = 0. The basic inductor relation-
where t max is the time at which V TEG = V max . L P can be calculated from (12) using the values obtained from the waveforms of Fig. 10 . However, it should be noted that the rise of V TEG to V OC is not linear. The linear region is approximately between 20% and 80% of the increase. Dividing ΔT = t max − t 0 in three intervals where the middle interval ΔT 2 corresponds to the linear region, we can see that ΔT 2 ≈ (ΔT 1 + ΔT 3 )/4. As a consequence, we can apply a "correction factor" to the calculated value for L P , which now becomes
In order to damp the overvoltage, while still achieving a fast transient of the TEG's voltage to the open circuit, a capacitor C S is added across the TEG's terminals. C S needs to be sufficiently large so that the energy transferred from L P does not charge it to much more than V OC , but small enough to let V TEG quickly settle to V OC . The value of such capacitor can be chosen using the energy calculated in (11) . Before the transient C S is already charged at V load , with a stored energy 1/2C S V 2 load . If we want all the energy in L P to be transferred to C S when it reaches V OC , then the energy balance states that
When working at MP point V OC = 2V load , therefore (14) leads to C S = L P /3R 2 int . However, given the wide range of V load (depending on the temperature difference), the choice of C S is by necessity a compromise. Our experiments have shown the following solution to be the most satisfactory:
which corresponds to removing the dc offset V load in C S from (14) , which becomes L P I 2 in,t o n = C S V 2 load . It is convenient to design the snubber capacitor C S for I MP at ΔT max .
Next, these results are applied to the experimental case of Fig. 10 , in which ΔT = 0.37 μs, V max − V load = 18 V and I in (t on ) = 2.17 A. Using (11), L P is estimated at 767 nH, hence using (15) the required snubber capacitor is 174 nF. Fig. 11 shows the improvements to the TEG's transient response when adding a 220-nF ceramic capacitor (commercial value closest to 174 nF), during the same operating conditions. Also, two diodes, D S 1 and D S 2 , are used to add some damping due to their conduction resistances, and to provide a Schmitt trigger function because of their voltage drops. The resulting circuit is effectively a diode capacitor diode (DCD) snubber, which suppresses overvoltages storing energy during t off and releasing it back during t on . Fig. 11 also includes results using the proposed DCD snubber circuit. The overvoltage is reduced from 18 to 1 V in both cases. Experimental and simulation results have proven that the settling time is shorter when the two diodes are used. By way of comparison, the settling time is reduced from 2.5 to 2.09 μs with the capacitor and to 1.48 μs with the proposed DCD snubber.
It is a design choice to use smaller values for the snubber capacitor in order to reach a compromise between speed of transient response and magnitude of overvoltage.
As an alternative, it would not be possible to use a transient voltage suppressor, because the open circuit voltage varies, therefore a constant breakdown voltage cannot be selected.
B. Synchronous Buck-Boost
A noninverting synchronous Buck-Boost was chosen because of its adaptability to working with a wide range of input voltages, smaller or greater than the output voltage, which is fixed by the battery voltage. The "common" noninverting synchronous Buck-Boost converter [49] - [52] uses four switches, however, to prevent the battery from discharging in case the converter runs in the discontinuous conduction mode, the output switch is in this work replaced by a Schottky diode.
A Microchip PIC16F microcontroller activates the gate drivers with two 180
• anti-phase PWMs, running at 78 kHz. The microcontroller measures the TEG voltage at the converter's input and the battery's voltage V b at the output. After measuring the open-circuit voltage V OC , the algorithm calculates the initial PWM's duty cycle using the ideal relation:
At every successive microcontroller's program iteration, the input voltage V in is measured and a digital control loop keeps on adjusting the duty cycle to maintain V in = V OC /2. In this way, the converter minimizes parasitic effects and deals with changes in the battery voltage, e.g., load transients. The converter is intended to be used with the three TEG devices described in Section II, electrically connected in series, however it can be used with other TEGs with different V-I characteristics (I in,max = 5 A, V in,max = 30 V, P rated = 35 W). The three TEGs in series produce a maximum open-circuit voltage of 27 V and the MP is approximately 30.4 W at V MP = 13.5 V and I MP = 2.25 A. Fig. 12 shows the converter's PCB, which measures 75 × 55 mm 2 . The n-MOSFETs used are IPD036N04L, the power Schottky is VS-12CWQ03FN, and the inductor is 15 μH (I sat = 14 A), the input capacitors are a total of 440 μF (50 V) and the output ones a total of 660 μF (25 V). Both input and output capacitors were chosen based on their RMS current capabilities. Using the electrical values at maximum available TEG power and with a battery voltage of 12 V, the maximum RMS current in the input capacitors is calculated from (6) to be 2.62 A.
The MP loss on M cap is 21 mW (from (8), assuming an onresistance of 3.6 mΩ). This corresponds to 10.5 mJ lost every 500 ms. As a comparison, with the "common" fractional opencircuit technique that waits for the input capacitors to charge up to open circuit through the TEG's internal resistance (∼ 6 Ω), the RC time constant is τ RC = 2.64 ms. Waiting for 3 τ RC not harvesting 30 W equates to losing 237 mJ.
The converter's electrical efficiency was tested with a power supply in series with a fixed 6-Ω power resistor and the results are listed in Table III . The efficiency is 92.6% when tested at 30.4 W(13.5 V, 2.25 A) input. It must be noted that the MPPT technique presented in Section III can be used with any other similar type of converter. The V OC measurement is performed every 500 ms and it lasts for eight switching cycles T sw , which corresponds to less than 110 μs. Considering a PWM duty cycle of 50%, the converter is disconnected from the TEGs for just 0.011% of the time. Fig. 13 shows the converter's input voltage and current during the V OC measurement. The converter is initially running at 13.35 V, 2.07 A at the input. After 45 μs M cap is switched OFF therefore the input voltage goes to V OC , during t off , after an overshoot of less than 6 V when using a DCD snubber with 100-nF ceramic capacitor. The ADC measurement starts 2 μs after the PWM goes low. It can be noted that during t on current is drawn from the TEGs and that during the V OC measurement the voltage across the input capacitors decreases from 12.86 to 12.46 V as described by (10) . The initial drop from 13.35 to 12.86 V is due to the voltage drop across the body diode of M cap . 
V. EXPERIMENTAL RESULTS
The choice of using three TEGs is dictated by the need of testing the MPPT converter around its power rating and with a relatively high maximum TEG voltage. As explained in Section II-C not only are the performances of the three devices almost identical, but the mathematical characterization guarantees the estimation of performance relative to each independent TEG device.
Three experiments were designed to test the steady state and transient performance of the proposed MPPT converter. First, the steady-state performance is measured using TEGs. Next, a sudden V OC transient is created by substituting the TEGs with a power supply in series with a power resistor. Finally, a thermal transient was created in the test rig to analyze the tracking performance of the MPPT converter during continuously changing thermal operating conditions. The PCB used is not equipped with a current sensor, therefore it cannot be used for experimental comparison with other MPPT techniques. However, where possible the obtained performance are compared to results found in the literature. In all the experiments, a 12 V, 7 Ah lead-acid battery is used to accumulate the power transferred through the converter. An electronic load was connected to prevent the battery from overcharging.
A. Steady-State Performance
The aim of this experiment is to compare the power extracted by the MPPT converter to the MP available from the three TEMs, maintained at the same temperature difference. Three separate tests have been undertaken, each one selecting a different thermal operating point, i.e., temperature gradient across the devices. The temperature gradients used are ΔT = 100
• C, which are the same used for the electrical characterization of the devices in Section II.
When the three modules are electrically connected in series, their open-circuit voltages and internal resistances sum so that the resulting array can still be represented by a voltage source in series with an internal resistance and the MPP remains at half 3) Calculate the theoretical MP:
4) Read the current I op set by the MPPT converter 5) Use I op to calculate the actual power produced by each of the three TEGs, using the individual "mathematical" formulation from (3) (±1.5% accuracy). It is important to note that it is not possible to sum the individual values of MP from Table II (and thus replace points 1 to 3) because those MPPs are relative to slightly different values of current, which it is not possible to have in a series array. As an alternative, it would also be possible to use the voltage reading from the multimeter or the oscilloscope, however this procedure is less precise due to the switching noise; the current reading is measured with both a multimeter and an oscilloscope probe.
The results of the steady-state test are summarized in Table IV. The last column shows that the MPPT converter has an accuracy, sometimes called tracking efficiency, of 99.85% (calculated with a maximum error of 1.5%). The fractional opencircuit voltage MPPT converter presented in [32] maintains the input voltage within 5% of V OC /2 except for small values of V OC . In [22] , fractional short circuit and P&O are compared but the MPPT efficiency is not calculated. The INC MPPT control proposed in [30] shows a 95% tracking efficiency. The P&O MPPT converter of [29] is calculated to have around 99% tracking efficiency, but this is not accurately proved experimentally, as done in this paper. half of 10 V and 20 V, respectively, as expected. A similar test was undertaken in [30] , demonstrating a 300 ms settling time.
B. Sudden-Transient Performance

C. TEG Transient Performance
The third experiment assesses the ability of the MPPT converter to respond to changes of the thermal input power, i.e., changes of the temperature gradient. In the test rig, the fastest thermal transient occurs during the cool down of the TEGs. The TEGs are initially maintained at 200
• C, then the power to the heaters is disconnected and the temperature difference diminishes at a rate of 0.25
• C/s due to the heat absorption capacity of the water cooling system. A datalogger records all the temperatures, while two multimeters measure the converter's input voltage and current. Both instruments are controlled by a VEE Pro program that records all the data in spreadsheet format.
The temperature differences across the three devices are not always exactly the same at any given instant, therefore the actual power extracted by the MPPT converter is compared to the theoretical MP available, as calculated for the steady-state experiment. This experiment is effectively a continuous series of steady-state experiments because the thermal time constant of the TEG system is much slower than the transient response of the converter, which adjusts the operating point every 0.5 s. The results (in blue) are shown in Fig. 15 , where a ±2% margin has been added over the maximum available power (in red), to take into account the accuracy of the mathematical characterization and measurement errors. Considering each point, the average tracking efficiency of the MPPT converter is 98.7%. None of the MPPT converters for TEGs presented in the literature is tested with a TEG thermal transient. The test rig used cannot provide faster temperature transients, however it must be noted that due to how this MPPT algorithm is computed, without any integral term, the converter can track the MPP every 500 ms, even if this period could be simply reduced in the microcontroller's code. It has been selected based on practical experience about the thermal time constant of the TE system.
VI. CONCLUSION
This paper presented an innovative technique to obtain the open-circuit voltage measurement of a TEG, with minimal disconnection of the load. The MPPT algorithm is programmed to a low-cost microcontroller and does not require expensive sensors; it checks the open-circuit voltage every 500 ms and accurately adjusts the optimum operating point in less than 10 ms.
The converter used is a dc-dc noninverting synchronous Buck-Boost (93% efficient), which can work in Boost, BuckBoost or Buck mode; this guarantees the harvest of power over a wide range of temperature differences across the TEG.
The presented MPPT system was tested both under steady state and transient conditions with real TEGs, demonstrating its ability to set the optimum electrical operating point quickly and very accurately. It is able to harvest close to 100% of the MP that can be produced by the TEG in the steady state and 98.7% during thermal transients. These results exceed the performance of any other MPPT algorithm for TEG applications presented in the literature so far.
Future work will focus on comparing the proposed MPPT technique to other MPPT algorithms, and on integrating several MPPT converters together to form a DMPPT system.
